Abstract. This paper discuss about voltage sags classification using a previous characterization of this type of electrical disturbances. An automatic classification algorithm, working under a non-supervised strategy is proposed. The method helps to determine the possible fault cause and location of voltage sags using a prototype definition and the pertinence degree for each resulting class.
Introduction
Recent power quality recommended practices establish world wide acceptable definitions to several quality indices. Monitoring methods and concerns about results interpretations are promoted by the increasing lost production, process downtime and damaged equipment. On the other hand, it is necessary to use the data available by electrical facilities to define strategies to improve the overall utility performance. The problem is to solve the interrogation proposed by the following question: What is the way to use the information provided by this methods to make a decision? [1] .
According to the utility, it is necessary to take advantage of analysis performed on the amount of data collected over years of measurements. This data usually is related to electrical voltage and currents measures, gathered during power system events. It contains information about alteration of the sinusoidal wave parameters, transmitted through the electrical network. The article goal is to link such analysis with the incidences registered in databases by technicians and fault analysis engineers.
The responsibility of possible damages caused to customers is usually assigned to utilities [2] . Consequently the utilities are interested in monitoring (characterizing, recognizing and tracing causes and effects) of these perturbations as well as possible, to take remedial actions, instead of only saving data.
From artificial intelligence and data mining point of view, some techniques can help in this challenge. This paper discuss about a voltage sags classification previously characterized by rms filtering and symmetrical components techniques [3] - [4] . Significant sag features are used to give a description, useful for voltage sags classification and its association with causes and possible fault location. An automatic fuzzy classification algorithm, working under a non-supervised strategy is proposed to discover clusters of sags. This paper is organized as follows: voltage sag characterization is presented in section 2. Temporal descriptors as magnitude, peaks, slopes and perturbation duration are proposed. Signal processing methods are used to obtain accurate information (filtering and symmetrical components) of the three-phase voltage signal. These descriptors characterize voltage sags instead of a pure waveform. In section 3, the fuzzy classification method and a numerical example are presented, while in section 4, the voltage sag classification and its analysis are performed to the individual or zone and transversal classifications approaches. A fuzzy learning machine tool is trained using the information extracted in section 2. In section 5, classes' prototypes are presented and registered faults are linked with its possible locations, by matching representative classes generated with a protection tree defined by the facility experts. Some examples of real voltage sags prototypes and its similitude degree are also presented and analysed in this section. Finally, some relevant conclusions and future work addresses are presented.
This approach is proposed as the starting point in case based strategy implementation for quality power management, taking into account that automatic classification of faults in power systems has not been widely treated and correct classification rates for the actual events are not as high as classification results used in areas such as pattern recognition, speech recognition, and so on [5] - [6] .
Five steps are proposed to perform the voltage sag classification and its association to fault causes and possible location. Those steps are: waveform gathering, abstraction of significant sags descriptors, descriptors selection, sag classification and classes-cause final matching. This is schematically presented in Figure 1 . H1  C1  H2  C2  H3  C4  H4  C7  H5 Voltage sag waveforms were associated with supplementary information related to causes and fault location (transmission / distribution). According to the classification algorithm, these waveforms must be considered as objects characterized by a set of descriptors. Two types of temporal descriptors have been selected: three phase and single-phase ones, as presented in section 2.
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Definition of Significant Voltage Sag Descriptors
Basic quantitative voltage sag descriptors are obtained from recorded waveforms. Those are divided in threephase and single-phase descriptors [3] .
A. Three-phase Descriptors
Three-phase descriptors were defined as it is presented in figure 2:
1) Three-phase sag magnitude (h 3ϕ ): Defined as the maximum drop of voltage of three-phase power system during the sag.
2) Three-phase sag duration (d 3ϕ ): Defined, as the maximum time during the rms voltage in a threephase power system, is lower to 0.9 p.u. 
B. Single-phase Descriptors
Single-phase descriptors were defined as showed in figure 3 : 
C. Temporal Zone Definition
The temporal evolution of voltage sag presents three different zones according to different temporal fault stages ( Figure 3 ). Voltage sag classification obtained for zone 1 is directly related to fault type (single-phase to ground, three phase, and double-phase) and the probably to electrical distance (from the fault point to the point of voltage sag measurement). For zone 2, the resulting groups should be related to the protective system relaying operation (It also depends on the location of these devices). Finally, zone 3 allows distinguishing among different types of loads (motors, transformers, etc). It provides information related to the utility customers.
Fuzzy Classification Method
A. Method Description
For classification purpose a Learning Algorithm for Multivariate Data Analysis-LAMDA has been used. This method combines both, numeric and symbolic classification algorithms, taking profit of fuzzy logic and hybrid connectives [7] [8]. This method is proposed as a classification technique to obtain voltage sags prototypes based on temporal descriptors [9] . The following paragraphs resumes the classification principle used in LAMDA.
One object X (sag) has a number of characteristics called "descriptors". These descriptors are used to describe the object (sag). Every object is assigned to a "class" in the classification process. Class (k i ) is defined as the universe of descriptors, which characterize one set objects (sags) as presented in figure 4 .
MAD (Marginal Adequacy Degree) concept is a term related to how similar is one object descriptor to the same descriptor of a given class, and GAD (Global Adequacy Degree) is defined as the pertinence degree of one object to a given class as in fuzzy membership functions (m ci (x)) [10] .
Classification, in LAMDA, is performed according to similarity criteria computed in two stages. First MAD to each existing class is computed for each descriptor of an object. Second, these partial results are aggregated to get a GAD of an individual to a class [8] . The former implementation of LAMDA included a possibility function to estimate the descriptors distribution based on a "fuzzification" of the binomial probability function computed as (2) . This approach was used in this work.
Where:
Ro of descriptor i and class k
On the other hand, GAD computation was performed as an interpolation between a t-norm and a t-conorm by means of the β parameter such that β = 1 represents the intersection and β = 0 means the union.
The used t-norma is minimun/maximun. 
B. Classification numerical example
This example shows how the classification method works on learning and recognition stages.
1) Training set:
The training set is composed by five voltage sags or objects X (n) . Every object X has three descriptors. These objects have been previously classified for an expert in two different classes according to the 
The normalized descriptors are presented in 3) Training procedure: During this procedure every learning parameter ρ (i/k) is computed for each class k and descriptor i. According to the training set, the number of elements in class one is three (NEC = 3). Table 3 summarizes the calculation procedure.
Class1-d1
Class1-d2 Class1-d3 Performing the similar procedure to classes 2 and 3, the following results were obtained: Clase 2:
Clase 3 (NIC):
4) Classification Process:
To classify a new voltage sag X n denoted as X (6) the following procedure was followed.
Normalization: New voltage object normalization was performed using (4). As a result, the following normalized sag descriptors classification is obtained as: X (6) = [0.1 0.3 0.9]
MAD Calculation:
The Marginal Adecuation Degree is computed as presented in (2) . In this specific case, the MAD calculation is performed as follows: 
Highest adecuation degree verification:
If recognition stage is performed, X 6 corresponds to class C2, because it's greater GAD. When learning is desired, then ρ (i/2) is updated. This option is chosen to reinforce the classification tool initial learning process. The ρ update is performed by using (6) [ ]
In the particular case of this example, the following update procedure is performed:
When the maximum adecuation degree corresponds to the NIC class, then a new class is created.
Now, the NIC class corresponds to class 4.
Classification Results and Analysis
The classification is performed based on temporal descriptors of voltage sags as presented in section 2. The proposed analysis considers the individual behaviour of the classification in every zone (individual analysis) and the behaviour of groups of sags according to the conjunction of the three zones (transversal or sag analysis). Using this classification results, some relations between location and sag cause is developed in the following section.
D. Individual (or zone) analysis
The presence of each individual class for data in transmission or distribution systems and its percentage rate, are determined. The total amount of data of voltage sags corresponds to 38 voltage sags (70.37%) caused by faults in transmission systems and 16 voltage sags (29.62 %) caused by faults in distribution systems, all of these measured in the same distribution substation. Table 4 summarizes the obtained results [3] .
According to this analysis, it is possible to identify classes that only appear in transmission or in distribution system. It is useful to identify the possible fault location, using only this type of analysis.
In addition for each class exist a prototype, which characterize this cluster. It is obtained from the learning parameter for the respective class and for every descriptor, defined for each classification zone according to the proposed in numeral 2, literal C. The resulting prototype defines the respective class characteristics. Some real prototypes are presented in table 6 and figures 7A to 7F. 
D. Transversal (or sag) analysis
This analysis considers the whole perturbation (sag) as a sequence of classes (obtained from every individual zone), e.g. class "123" means class 1 in the first zone, class 2 in the second zone and class 3 in the third one.
Taking into account the results of this analysis, it is possible to determine which combination of classes are representatives to define the possible fault location and to classify fault origin as transmission or distribution systems as well [3] . This deep analysis is presented in the next section.
Fault Diagnosis Approach
A. Fault Location Scheme
The electric facility's engineers provided the fault location scheme depicted in figure 5 was proposed. It has been used to locate and establish the relationship between classes and voltages sags. As a consequence of faults, the protective relaying system sends the signal trip to one or more breakers, which starts the fault recovery zone (zone 3) of voltage sags. The time delay between the beginning of the fault and the relay actuation has been used to better identify or to locate faults. The times showed in figure 5 include the protective system delay and the breaker interrupting time (3-5 cycles). This time has been used as reference to the voltage sag duration.
B. Voltage Sags Class and Fault Location Scheme
In figure 6 the relation between the fault location scheme provided by the facility's experts and the classification results is presented. According to this figure, it is possible to determine some characteristic class associated to the previous defined line level actuations (1, 2 and 3). In addition, there are some classes strongly related to the characterized states for distribution lines (differed and instantaneous). The characteristic classes associated to level 1 are the predominant ones, and these are directly associated to the transmission system. In the same way, the classes related to the instantaneous state are the predominant ones and these are related to the distribution system.
On the other hand, the classes 1xx, 2xx and 3xx are strongly relate to transmission systems (levels 1 and 2), whereas the classes 4xx are related to distribution systems (differed and instantaneous). This classification helps to locate the fault by simple association with class.
C. Class Prototypes
Using the transversal or sag analysis, the characteristic prototypes of all possible classes were determined (Z1, Z2 and Z3). The possible classes are due to the combination of the resulting classes for the zone analysis.
In the specific case of the distribution substation analysed appear 23 classes from set of 150 possible transversal classes. Exist real voltage sag by every class prototype. This sag, called "real prototype", is obtained as the sag j, which has the maximum similitude degree-MSD, to the class prototype k. This similitude degree SD, is obtained using (7).
The MSD is obtained as proposed in (8) ) , ... , , max(
Where N is the total number of real sags compared to the prototype k. In subplot 7A, the real prototype of class 113 is presented. According to figures 5 and 6, it corresponds to voltage sag originated in the transmission system, on level 1. This sags is characterized by its short duration (due to the response of protective system in transmission level) and nonrectangular shape.
In figure 7B , the real prototype of class 221 is depicted. It corresponds to a voltage sag originated in the transmission system, on level 1 or 2. Sag duration is longest than class 113 duration, and for this reason this prototype represent characteristics of level 1 and 2 corresponding to zone 1 or 2 of line distance relay.
The real prototype of class 544 is presented in figure 7F . It presents a voltage sag originated in transmission system and removed possibly by the zone 3 of line distance relay.
In figures 7C and 7E, the real class prototypes for classes 413 and 524 respectively are depicted. It represents voltage sags originated in a distribution substation by fault produced in local distribution system. According to figures 5 and 6, this voltage sags classes are characterized as distribution cleared by instantaneous protection.
Finally, in figure 7D , the real class prototype corresponding to voltage sags originated on local distribution systems, removed by differed actuation of the protection system is presented.
Conclusions
A fuzzy classification tool has been used to relate voltage sags records to its possible cause and location. Voltage sag prototypes by the resulting classes are also given. Using the proposed classification approach, some classes strongly related to one real situation defined by the facility's experts have been determined. Determination of location and possible cause of new voltage sag has been performed, addressing the restoration plan and prevent some types of events in the future.
Future Work
As a future work and having enough amounts of data, it will be possible to consider faults in power transformer, power breakers and devices located on final customers facilities. In this way, the real prototypes defined and fault scheme proposed will be reflect the real power system. This goal will be accomplished by using ENSESA's voltage sag database of the region of Catalunya-Spain. 
